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a b s t r a c t 
Schistosomiasis is a parasitic, water-related disease that is prevalent in tropical and subtropical areas of 
the world, causing severe and chronic consequences especially among children. Here we study the spatial 
spread of this disease within a network of connected villages in the endemic region of the Lower Basin of 
the Senegal River, in Senegal. The analysis is performed by means of a spatially explicit metapopulation 
model that couples local-scale eco-epidemiological dynamics with spatial mechanisms related to human 
mobility (estimated from anonymized mobile phone records), snail dispersal and hydrological transport 
of schistosome larvae along the main water bodies of the region. Results show that the model produces 
epidemiological patterns consistent with ﬁeld observations, and point out the key role of spatial con- 
nectivity on the spread of the disease. These ﬁndings underline the importance of considering different 
transport pathways in order to elaborate disease control strategies that can be effective within a network 
of connected populations. 
© 2016 The Authors. Published by Elsevier Ltd. 
This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ). 
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0. Introduction 
Schistosomiasis is an acute and chronic water-related disease
aused by parasitic worms that affects about 250 million individ-
als worldwide ( WHO Expert Committee, 2002 ). As one of the
ommonest and most devastating parasitic diseases, it is second
nly to malaria, inducing severe consequences to 20 million peo-
le ( Kheir et al., 1999 ) and being directly responsible for 12,0 0 0
eaths yearly ( Lozano et al., 2012 ). With an estimated burden of
.5 million disability-adjusted life years ( Fenwick, 2012; WHO Ex-
ert Committee, 2002 ), schistosomiasis is prevalent in tropical and
ubtropical areas, especially in poor communities without access
o safe drinking water and adequate sanitation. It is estimated that
t least 90% of those requiring treatment for schistosomiasis live in
frica ( WHO Expert Committee, 2002 ). 
Water has a key role in schistosomiasis transmission and
pread. Human-to-environment transmission occurs when infected
eople contaminate freshwater bodies with their excreta con-
aining parasite eggs. Environment-to-human transmission oc- 
urs when people are exposed to infested water during routine∗ Corresponding authors. 
E-mail addresses: manuela.ciddio@polimi.it (M. Ciddio), renato.casagrandi@ 
olimi.it (R. Casagrandi). 
w  
t  
S  
r  
ttp://dx.doi.org/10.1016/j.advwatres.2016.10.012 
309-1708/© 2016 The Authors. Published by Elsevier Ltd. This is an open access article u
Please cite this article as: M. Ciddio et al., The spatial spread of schis
Louis region, Senegal, Advances in Water Resources (2016), http://dx.doctivities, ranging from agricultural to domestic and from occupa-
ional to recreational. Therefore, the disease is especially prevalent
n rural communities. Lack of hygiene and certain play habits make
chool-aged children particularly vulnerable to infection, an aspect
hich must be regarded with care, because schistosomiasis may
nduce severe health consequences in absence of adequate treat-
ents. 
There are two major forms of schistosomiasis – intestinal and
rogenital – caused by six species of blood ﬂukes belonging to
he genus Schistosoma , of which S. haematobium , S. mansoni and
. japonicum are the three most important ones ( Colley et al.,
014 ). People become infected when larval forms of the parasite
enetrate their skin during contact with infested water. The freely
wimming, short-lived larval stages of the parasites are known as
ercariae and are shed by some species of freshwater snails be-
onging to the genus Bulinus (for S. haematobium ), Biomphalaria
for S. mansoni ) or Oncomelania (for S. japonicum ), which serve
s species-speciﬁc obligate intermediate hosts for the parasites.
ithin the human body, the larvae need 5–7 weeks to develop
nto sexually mature adult schistosomes ( Colley et al., 2014 ). Adult
orms can live for a few years in the human blood vessels, where
he females produce hundreds to thousands of fertilized eggs daily.
ome of the eggs become trapped in body tissues, causing immune
eactions and progressive damage to internal organs (e.g. liver),nder the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ). 
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Fig. 1. Schistosoma life cycle. Adult schistosomes within infected human hosts pro- 
duce eggs, which are shed in the environment through excreta. The eggs that reach 
freshwater can hatch into miracidia and infect species-speciﬁc intermediate snail 
hosts. Infective snails shed free-swimming cercariae that can penetrate human skin 
and eventually develop into reproductive worms. See text for further details about 
transmission. 
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F  other leave the human host by being shed in the environment
through the feces ( S. mansoni or S. japonicum ) or urine ( S. haema-
tobium ) to continue the parasite’s life-cycle. The eggs released out
of the human body that reach freshwater can hatch into a second
short-lived larval form of the parasite, the miracidia, that are infec-
tious for snails. In the snail, miracidia undergo asexual replication
for 4–6 weeks (the so-called prepatent period; Colley et al., 2014 ),
then the snail becomes infective and starts shedding hundreds of
cercariae per day into water. A sketched scheme of the parasite life
cycle is shown in Fig. 1 . 
The analysis of the coupled dynamics of human, parasite and
snail populations, together with the free-living stages involved in
the parasite’s life cycle, are fundamental to describe and under-
stand the transmission mechanisms of schistosomiasis. Previous
studies have already shown that disease dynamics not only depend
upon interactions between infectious agents and the hosts, but also
that they are strongly affected by environmental factors ( Gurarie
and Seto, 2009 ; Perez-Saez et al., 2015 ). In addition, large-scale
dynamics are better described by metapopulation models, which
proved to be a powerful tool in order to understand disease per-
sistence and infection intensity in human societies ( Grenfell and
Harwood, 1997; Hagenaars et al., 2004 ). In the case of schistoso-
miasis, the movement of infectious agents can occur via various
transport processes involving hosts and pathogens, including hu-
man mobility, larval transport along canals and streams, and snails
dispersal through hydrological interconnections. The spread of the
disease under study is thus the result of the interplay between var-
ious mechanisms acting at different spatial and temporal scales.
On the human host side, social connections provide a pathway for
adult parasite transport while people travel between endemic and
non-endemic areas. This movement can involve very large spatial
scales in ways that are often diﬃcult to predict ( Remais, 2010 ),
and constitutes an effective transmission mechanism provided that
disease-transmitting snails live in the visited areas. On the snail
and parasite side, connectivity via physical processes (hydrologi-
cal transport and animal dispersal) increases the risk of larval and
snail propagation over shorter spatial scales. As an example, all
over the world, an estimated 63 million people at risk for schis-
tosomiasis live in irrigated environments, with an increased rela-
tive risk of urinary and intestinal schistosomiasis of 1.1 and 4.7, re-
spectively, compared with non-irrigated environments ( Steinmann
et al., 2006 ). Please cite this article as: M. Ciddio et al., The spatial spread of schis
Louis region, Senegal, Advances in Water Resources (2016), http://dx.doHere we explore a spatially realistic metapopulation model
 Section 2 ), in which schistosomiasis spreads within a network of
onnected villages. The model is applied to the area of the Lower
asin of the Senegal River, in the northern part of Senegal (for
ore details, see Section 3 ). Social and environmental interconnec-
ions link villages through human mobility (direct transport of par-
sites by humans) and hydrology (a pathway for larvae and snails).
esults are presented in Section 4 , while a set of concluding re-
arks closes the paper ( Section 5 ). 
. The model 
The basis of our analysis is a spatially explicit nonlinear model
hat accounts for local epidemiological dynamics, human mobil-
ty, snail dispersal and hydrological transport of schistosome lar-
ae. At the local scale, the model extends the work presented in
iddio et al. (2015) by including the dynamics of the larval stages
f parasites. The system of differential equations is expressed in
erms of the human population size ( N v ) and the total number
f parasites ( P v ) within human hosts living in each village (sub-
cript v ), the density of susceptible, exposed, and infectious snails
 S w , E w , I w ) in the freshwater point (subscript w ), and the con-
entration of cercariae ( C w ) and miracidia ( M w ) in the freshwater
ody. Early studies on the heterogeneity of schistosomiasis trans-
ission ( Barbour, 1978 ) already introduced a partitioning between
uman and animal host populations, but did not consider physical
onnectivity through the environment, an approach followed also
n later works ( Gurarie and King, 2005; Gurarie et al., 2010; Wool-
ouse et al., 1998; 1991 ). On the other hand, other studies ( Gurarie
nd Seto, 2009 ; Perez-Saez et al., 2015 ; Xu et al., 2006 ) did con-
ider the role of environmental connectivity (typically through lar-
al dispersal alone), while at the same time neglecting the possible
patial mismatch between villages and water contact points (but
ee Remais, 2010 , in which, however, snail dispersal is neglected).
n our work, instead, n v villages and n w water points constitute
wo distinct sets of nodes of a fully coupled, multi-layered (mul-
idimensional, sensu Boccaletti et al., 2014 ), spatially explicit net-
ork. Epidemiological dynamics can be described by the following
et of (2 n v + 5 n w ) ordinary differential equations: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
˙ N v = μH (H v − N v ) − αP v 
˙ P v = F v N v − (μH + μP + α) P v − α k + 1 
k 
P 2 v 
N v 
˙ S w = νS w [ 1 − γw (S w + E w + I w ) ] − μS S w − ρM w S w + D S w 
˙ E w = ρM w S w − (μS + η) E w − δE w + D E w 
˙ I w = δE w − (μS + η) I w + D I w 
˙ C w = ζ I w − μC C w + L C w 
˙ M w = G w − μM M w + L M w . 
(1)
t each village v , human hosts are characterized by a constant re-
ruitment μH H v (with H v being the community size and μH be-
ng the per capita natality rate), and two loss contributions due
o non-schistosomiasis-related deaths (with rate μH ) and mortal-
ty induced by parasites (with α being a constant determining the
athogenicity of the parasite to the human host; Anderson and
ay, 1978 ). The human-to-schistosome interaction is modeled as a
acroparasitic infection ( Anderson and May, 1992 ), assuming that
arasites are unevenly distributed among human hosts according
o a negative binomial distribution with clumping parameter k
 Feng et al., 2002 ). Parasite acquisition by human hosts is deter-
ined by contact with cercariae at infested water points, as de-
cribed by the force of infection F v , expressed as 
 v = β
n w ∑ 
j=1 

v w C w (2)tosomiasis: A multidimensional network model applied to Saint- 
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t  here β is the human exposure rate, assumed to be uniform in
pace for the sake of simplicity, and  = [
v w ] is a contact matrix
escribing the probability that an inhabitant of village v enters in
ontact with water point w (details in Section 3 ). The total num-
er of adult parasites P v is limited by the natural host mortality
 μH ), because every human dying will kill the hosted parasites, the
er capita parasite mortality within the host ( μP ), and the disease-
nduced mortality of humans ( α + α(k + 1) /k · P v /N v ). 
Disease dynamics in the snail host are described via a compart-
ental SEI-like model, accounting for density-dependent mecha-
isms related to snails dynamics ( Feng et al., 2002; Mangal et al.,
010 ). In particular, it is assumed that infected snails are unable
o reproduce and that snails are born (uninfected) according to
 logistic recruitment function, with ν being the intrinsic natal-
ty rate and γw capturing the site-speciﬁc effect of density de-
endence. Susceptible snails die at rate μS . Recruitment of snails
nto the exposed compartment is assumed to be proportional to
iracidial concentration through parameter ρ , which represents
he exposure rate of susceptible snails. The model introduces a de-
ay 1/ δ between infection (i.e. transition from the susceptible to
he exposed compartment) and onset of infectiousness (i.e. transi-
ion from the exposed to the infectious compartment), when infec-
ious snails start shedding cercariae into the freshwater. In addition
o a natural death rate μS , infected snails (both exposed and in-
ectious) are also subject to a disease-induced death rate η. Spatial
ynamics are also considered, assuming that snails can move along
he hydrological network according to the following functions: 
D S w = 
n w ∑ 
i =1 
m S i Z iw 
V i 
V w 
S i − m S w S w , 
D E w = 
n w ∑ 
i =1 
m E i Z iw 
V i 
V w 
E i − m E w E w , 
D I w = 
n w ∑ 
i =1 
m I i Z iw 
V i 
V w 
I i − m I w I w , 
(3) 
here V w is the freshwater volume of water point w, m 
S,E,I 
w are the
ossibly site-speciﬁc and infection-speciﬁc snail movement rates,
nd Z iw is the element of the snail dispersal matrix obtained by
ransposing the connectivity matrix Z = [ Z wi ] , a row-stochastic ma-
rix (i.e. 
∑ n w 
i =1 Z wi = 1 ∀ i ) that describes the probability that a snail
oves between any two water points w and i . 
As for the free-living larval stages of the schistosome, their con-
entrations in the freshwater environment is dynamically deter-
ined by the balance between mortality, shedding, and hydrolog-
cal transport. In particular, cercariae are assumed to die at spa-
ially uniform rate μC and are shed by infective snails at rate ζ ,
hereas miracidia die at rate μM and mature from the eggs shed
y infected humans, which are proportional to the total number
f adult parasite pairs hosted therein, according to the following
unction: 
 w = χ
2 V w 
n v ∑ 
v =1 
P v 
v w , (4) 
here χ is the human contamination rate (as speciﬁed in
ection 3 ). Spatial interactions due to hydrological connectivity are
ormulated as: 
L C w = 
n w ∑ 
i =1 
l C i T iw 
V i 
V w 
C i − l C w C w , 
L M w = 
n w ∑ 
i =1 
l M i T iw 
V i 
V w 
M i − l M w M w , 
(5) 
here l C,M w are the possibly site-speciﬁc larval transport rates, and
 iw is the element of the larval transport matrix obtained by trans-
osing the connectivity matrix T = [ T ] , another row-stochasticwi 
Please cite this article as: M. Ciddio et al., The spatial spread of schis
Louis region, Senegal, Advances in Water Resources (2016), http://dx.doatrix describing the probability that a cercaria/miracidium is
ransported from water point w to water point i . Note that we do
ot consider explicitly increased larval mortality during transport,
hich has instead been accounted for in other approaches ( Gurarie
nd Seto, 2009 ). Given the regular geometry of our hydrological
etwork (details in Section 3 ) and the assumed movement mecha-
isms, in our modelling framework this contribution is the same at
very water node w, since miracidia/cercariae are passively trans-
orted from each w to its downstream neighbor. Larval survival is
hen equally accounted for in the mortality rates μC and μM , de-
ned at the daily time scale. 
. Application of the model to Saint-Louis region 
The focal area of this study is the Lower Basin of the Senegal
iver, in Senegal. This area is particularly interesting because of the
resence of the Diama Dam, which altered the environment and
ncreased the risk of infection since it was built in the 1980s ( Sow
t al., 2002 ). It was designed to control the Senegal River regime
nd to ensure permanent water availability: in fact, the dam blocks
he intrusion of salt water from the ocean, making the impounded
iver a stable reservoir of freshwater for people living in the region
f Saint-Louis. At the same time, the dam created a suitable habitat
or the snails hosting schistosomiasis and resulted in persistently
igh infection levels in the villages along the Senegal River and its
ributaries ( Talla et al., 1990 ). Moreover, the dam interfered with
he life cycle of the prawn Macrobrachium vollenhovenii , an effec-
ive predator of the snails, whose key role as potential biological
ontrol agent has been the object of recent studies ( Alkalay et al.,
014; Sokolow et al., 2014; Sokolow et al., 2015 ). 
We use the model presented in Section 2 to simulate the dy-
amics of schistosomiasis transmission in a multidimensional net-
ork system ( Boccaletti et al., 2014 ) properly tailored to the study
rea, represented in Fig. 2 . The network includes two different
ets of nodes: the ﬁrst set consists of n v = 90 villages located
long the main water bodies of the region, selected by the Up-
tream Alliance ( http://www.theupstreamalliance.org/ ) for the col-
ection of demographic, prevalence and snail counts data; the sec-
nd, of n w = 396 water points obtained through a discretization
f the underlying hydrological network (data available from DIVA-
IS, http://www.diva-gis.org/gdata ); speciﬁcally, we deﬁned wa-
er points through an arbitrary (uniform) spatial discretization of
anals, streams and lake perimeters (every ≈ 2 km). These two sets
f nodes are linked by two different sets of edges, representing lay-
rs of spatial connectivity: the ﬁrst layer describes the interactions
etween human communities and water points (human-to-water
ontact patterns); the second, of snail dispersal and larval trans-
ort along rivers and canals (water-to-water contact patterns, i.e.
ydrological connectivity). A detailed description of model imple-
entation and parametrization is reported below. 
.1. Human population 
Population size of each village ( H v ) is available thanks to sur-
eys conducted by the Upstream Alliance. In absence of sam-
led data, the number of resident people is obtained from a
igh-resolution population distribution map elaborated within the
friPop project, which is part of the WorldPop project (data avail-
ble online at http://www.worldpop.org.uk/ ). AfriPop data include
014 estimates of population distribution with a spatial resolution
f 30 arcsec (approx 100 m at the equator), and national totals ad-
usted to match United Nations estimates. As for the few villages
xcluded from the survey (19 villages), population size is computed
y summing the 2014 population estimates of the grid squares that
all within a radius of 1 km from the geographical coordinates of
he centroid of the village. To parameterize the demographic parttosomiasis: A multidimensional network model applied to Saint- 
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Fig. 2. Our study area in the Lower Basin of the Senegal River. Within the study area, located in the northern part of Senegal, there are 90 villages (triangles) and 396 water 
points (blue points). Villages and water points are linked by contact patterns driven by human mobility, which is estimated from anonymized mobile phone traces left by 
mobile phone users logged in at antenna sites (crosses). Water points are also linked with each other through hydrological connectivity. Snail densities are estimated on 
the basis of a few sample points, where prevalence data of schistosomiasis are also available (red triangles). The grey-shaded territory indicates the fraction of land subject 
to inundation during ﬂoods. In the inset, a sketch of water contact patterns extraction limited to the area of Lac de Guiers is presented: the water contact matrix 
v w is 
obtained from the mobility matrix Q ′′ v a describing village-to-antenna movement and the adjacency matrix A aw describing the proximity between water points and antennas, 
according to their inﬂuence area (green polygon). See details in the text. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the 
web version of this article.) 
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l  of the model, we consider that the life expectancy of Senegalese
people is 61 years ( CIA, 2014 ), thus we set μH = 4 . 5 · 10 −5 /day. 
3.2. Snail population 
Proxies of snail densities are also based on the results of rel-
ative abundance counts operated by the Upstream Alliance in a
subset of water points (see again Fig. 2 ). We consider three quali-
tatively different water habitats for snails within the pilot area, i.e.
lakes (H1), canals (H2) and main rivers (H3), and set the carrying
capacity in absence of the parasite to the spatial average of the
sampled values in each of the three habitats. According to the val-
ues obtained in the Upstream Alliance’s survey, we set 1 snail/m 3 
in every access point along the lakes (hence γw = 1 snails −1 m 3 ),
9 snails/m 3 along the canals (hence γw = 0.11 snails −1 m 3 ), and
11 snails/m 3 along the main Senegalese course of the Senegal river
(hence γw = 0.09 snails −1 m 3 ). We also consider a fourth qualita-
tive kind of habitat in the area of Saint-Louis, which is the chief
town of the homonymous region. In this area, about twenty kilo-
meters south of the dam, water is particularly salty because of the
intrusion coming from the ocean, which is actually the reason why
the dam was built to protect the upper part of the region, and this
makes the habitat unsuitable for the snails. For the sake of simplic-
ity, we thus assume that snails cannot live in the water points near
the town, and set S w , E w , and I w to be always null within a radius
of 20 km from Saint-Louis. As for the parameterization of the snail
compartments in the model, the baseline mortality rates of snailsPlease cite this article as: M. Ciddio et al., The spatial spread of schis
Louis region, Senegal, Advances in Water Resources (2016), http://dx.doan be evaluated as the inverse of their average lifespans: 1 year
or uninfected snails (hence μS = 2 . 7 · 10 −3 /day) and 2 months for
nfected snails (hence η = 1 . 37 · 10 −2 /day) ( Feng et al., 2004 ). The
ntrinsic natality rate is strongly dependent on the environmental
onditions ( Webbe, 1962 ) and exposition to schistosomes ( Mangal
t al., 2010 ). Assuming that each snail produces at most 180 eggs in
0 weeks ( Mangal et al., 2010 ), with a hatching rate of about 30%,
e set ν = 0 . 7 /day. The exposure rate of susceptible snails is set to
= 5 · 10 −5 m 3 /miracidium/day ( Feng et al., 2004 ), while the aver-
ge duration of the prepatent period (i.e. the delay between infec-
ion and onset of infectiousness) is assumed to be about 2 weeks
 Feng et al., 2004; Gryseels et al., 2006 ) (hence δ = 6 . 7 · 10 −2 /day).
.3. Adult parasites and larval stages 
The life expectancy of adult parasites within human hosts is
bout 5 years ( Feng et al., 2004; Gryseels et al., 2006 ) (hence μP =
 . 5 · 10 −4 /day). According to previous studies conducted in other
ndemic regions of Africa and South America, parasite-induced
ortality α is assumed to be 1.1 ·10 −7 /day ( Kheir et al., 1999 ), and
he clumping parameter k of the negative binomial distribution
f parasites within human hosts is estimated to be 0.243 ( Feng
t al., 2004 ). As for the larval stages of the schistosomes, the av-
rage number of cercariae daily released by one infected snail is
50 ( Feng et al., 2004 ), thus ζ = 350 cercariae/(snail · day). The
arvae have very short lifespans: ≈ 26 hours for cercariae (hencetosomiasis: A multidimensional network model applied to Saint- 
i.org/10.1016/j.advwatres.2016.10.012 
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wC = 0 . 91 /day), and less than 8 hours for miracidia (hence μM =
 . 04 /day) ( May and Anderson, 1979 ). 
.4. Human mobility and water contact patterns 
The ﬁrst layer of spatial connectivity is deﬁned by human-to-
ater contact patterns, which link the two sets of nodes of our
etwork through the n v × n w contact matrix,  = [
v w ] . In the ab-
ence of comprehensive surveys on water use in the study area,
ontacts between human villages and water points have been es-
imated from proxies of human mobility and a geospatial analysis
ncluding human settlements and water bodies. 
Human mobility patterns, in particular, have been derived from
nonymized, low-resolution movement routes of Sonatel mobile
hone users collected for one year, from January 1 to Decem-
er 31, 2013. Sonatel is the main telecommunications provider of
enegal, with more than 9 million subscribers in the whole coun-
ry. A subset of the mobile phone dataset (with data for about
50,0 0 0 anonymous users) was released in the context of the Data
or Development (D4D) challenge promoted by Orange and Sonatel
n 2014 ( http://www.d4d.orange.com/en/home ). Selected research
eams were subsequently granted access to the full dataset, con-
aining more than 15 billion Call Detail Records (CDRs). Informa-
ion associated with each CDR includes the anonymous identiﬁer
f the user placing the call, the location of the antenna from where
he call was initiated and a timestamp. The estimation of the en-
ries of the contact matrix  requires further steps to elaborate
his information, which needs to be rescaled from the antenna
evel to our network structure. 
As a ﬁrst step towards obtaining , we preliminary build a
ow-stochastic mobility matrix ( Q ) accounting for human move-
ent between antennas (crosses in Fig. 2 ). The entries Q ij of this
 A × n A matrix ( n A = 16 6 6 being the number of antenna towers in
enegal) can be deﬁned as the fraction of time spent close to an-
enna j by people usually “living” close to antenna i (see below).
e use the number of phone calls made by a user as a proxy for
he time spent in a given location. With this assumption, the en-
ries of  are simply proportional to the number of phone calls
ade by users usually resident nearby antenna i while being close
o antenna j . CDRs are used to identify the ‘home’ antenna for each
nonymous user: such antenna being deﬁned as the antenna site
here most calls made by a user occur during night hours (from
 pm to 7 am) over the whole dataset. Following this procedure, it
s possible to determine that in 2013 425,548 Sonatel subscribers
ived in the study area. Afterwards, the number of calls made from
ntenna j by users whose home antenna has been identiﬁed with i
s extracted from the dataset for all antenna i . This number, di-
ided by the total number of calls made by users whose home
ntenna is i (independently of the location where the call origi-
ates from), represents an estimate of the entries of the antenna-
o-antenna mobility matrix Q ( Mari et al., 2014 ). 
As a second step, we deﬁne another human mobility matrix ( Q ′ )
escribing village-to-antenna movement. To do so, the three an-
ennas closest to each village v (say i , j and h ) are selected. The
 th row of matrix Q ′ is then obtained as a convex combination of
he i th, j th and h th rows of Q , with weights proportional to D −2 v a ,
here D v a is the distance between village v and antenna a ( a ∈
 i , j , h }). We note that Q ′ is a n v × n A matrix, i.e. it accounts also
or outgoing mobility ﬂuxes that are not conﬁned within our focal
egion. A reduced n v × n a village-to-antenna mobility matrix Q ′ ′ is
eadily obtained from Q ′ by selecting only the columns that refer
o the n a antennas located within the study area; the rows of Q 
′ ′ 
an then be suitably normalized to ensure that they sum up to
ne. Neglecting mobility ﬂuxes directed to/originating from other
egions of Senegal might seem like an oversimpliﬁcation. However,
DRs show that, on average, ≈87% of the human mobility ﬂuxesPlease cite this article as: M. Ciddio et al., The spatial spread of schis
Louis region, Senegal, Advances in Water Resources (2016), http://dx.doriginating from the antennas encompassed in the study area are
onﬁned within our focal region; conversely, the antennas located
n the study area attract, on average, only ≈ 0.5% of the mobil-
ty ﬂuxes originating from other regions of Senegal. We can thus
onclude that, with respect to human mobility, our study area rep-
esents a relatively isolated system. 
As a third step, we deﬁne a n a × n w adjacency matrix ( A ) de-
cribing the proximity of each water point to each of the anten-
as located in the focal region. Speciﬁcally, A aw is set to unity if
 is the antenna tower that is closest to water point w, to zero
therwise. In other words, A aw = 1 if and only if w lies within
he inﬂuence area of a , an information which can be obtained via
oronoi partitioning of the focal region by using antenna sites as
eeds ( Aurenhammer, 1991 ). The water-contact matrix  is ﬁnally
btained as the product of Q ′ ′ and A (see next section). A sketch
f water contact patterns construction is shown in the inset of
ig. 2 limited to a small part of the study area close to the main
ake (Lac de Guiers). 
.5. Infection and contamination risk 
By using the mobility and water proximity matrices just de-
ned, the force of infection for humans living in village v can be
xpressed as 
 v = β0 
∑ 
a 
Q ′′ v a R a , (6) 
here β0 is a baseline exposure rate, Q 
′′ 
v a accounts for mobility of
eople living in v toward antenna a , and R a is the infection risk as-
ociated with being close to antenna a and its nearby water points.
e assume that R a is an increasing linear function of the concen-
rations of cercariae infesting each of the water points lying in the
nﬂuence area of a , i.e. 
 a = β1 
∑ 
w 
A aw C w , (7) 
ith β1 representing the probability that exposure to cercariae
ventually results in human infection. Deﬁning the synthetic ex-
osure rate β = β0 β1 , we ﬁnally get 
 v = β0 β1 
∑ 
a 
Q ′′ v a 
∑ 
w 
A aw C w = β
∑ 
w 

v w C w , (8)
here  = Q ′′ A . The previous expression corresponds to the deﬁ-
ition of the force of infection anticipated above in Eq. (2) . 
By using the same matrices, water contamination resulting from
eople shedding eggs/miracidia at water point w can be expressed
s 
 w = χ0 
V w 
∑ 
a 
A aw R 
′ 
a , (9) 
here χ0 is a baseline contamination rate and R 
′ 
a is the relative
ontamination contribution associated with people moving close to
ntenna a , therefore possibly contacting its nearby water points.
e assume that R ′ a is an increasing linear function of the number
f adult parasite pairs within human population moving from any
illage v , i.e. 
 
′ 
a = χ1 
∑ 
v 
P v 
2 
Q ′′ v a , (10) 
ith χ1 representing the probability that parasite eggs released
nto freshwater eventually result in miracidia maturation. By intro-
ucing the synthetic contamination rate χ = χ0 χ1 , we ﬁnally get
 w = χ0 χ1 
2 V w 
∑ 
a 
A aw 
∑ 
v 
P v Q 
′′ 
v a = 
χ
2 V w 
∑ 
v 
P v 
v w , (11)
hich corresponds to the function presented in Eq. (4) . tosomiasis: A multidimensional network model applied to Saint- 
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rNote that, because of their intrinsically synthetic nature, the
two rates β and χ just deﬁned are very diﬃcult to be quantiﬁed
in real applications. Since both parameters are the product of sev-
eral factors and cannot be derived by direct ﬁeld observations, they
have been estimated so as to obtain a good match between mea-
sured and simulated prevalence (see Section 4 ). 
3.6. Hydrological connectivity 
To model larval transport and snail dispersal, which repre-
sent the second layer of spatial connectivity, we deﬁne two row-
stochastic matrices Z and T that describe the probability that
a snail or a cercaria/miracidium moves between any two water
points, respectively. The spread over the hydrological network is
modeled as a biased random-walk process on an oriented graph
( Bertuzzo et al., 20 08, 20 07 ), where edges are represented by ori-
ented segments according to the water ﬂow direction between any
two water points. Because of the slow water mixing within lakes,
we assume that the water points along their perimeters are not
spatially connected with each other (but they are connected to
river in-/out-takes as appropriate). 
The snail dispersal matrix Z = [ Z wi ] introduced in Eq. (3) is thus
given by 
Z wi (w = i ) = 
⎧ ⎨ 
⎩ 
Z d w if w → i , 
Z u w if w ← i , 
0 if w  i , 
(12)
where arrows indicate downstream connections, and Z d w (Z 
u 
w ) is the
site-dependent fraction of snails moving along a downstream (up-
stream) edge. Given the set of neighbors connected to the generic
water point w, the fractions Z d,u w of snails moving outside the ori-
gin point are given by 
Z d,u w = 
{
z d,u /n d,u w if n 
d,u 
w > 0 , 
0 if n d,u w = 0 , 
(13)
where z d [ z u ] is the probability that a snail leaving a point moves
to another point along a downstream (outward edge) [upstream
(inward edge)], and n d w [ n 
u 
w ] is the outdegree [indegree] of water
point w, i.e. the number of downstream [upstream] water points
connected to w . Assuming that the transport process is conser-
vative, i.e. 
∑ n w 
i =1 Z wi = 1 , in the inner nodes, where n d w > 0 and
n u w > 0 , we can write that n 
d 
w Z 
d 
w + n u w Z u w = 1 . To close the speciﬁ-
cation of Z wi , we also need to deﬁne some speciﬁc conditions for
headwaters and outlets of the hydrological network, and for water
points along the lake perimeters. All the results presented in this
work are obtained with reﬂecting boundary conditions, i.e. based
on the probability Z ww to stay in one of such special points being
deﬁned as Z ww = 1 − (n d w Z d w + n u w Z u w ) , to preserve the conservative-
ness assumption. We note that, by deﬁnition, the reduced matrix
that can be obtained by extracting the rows related to lake access
points, where n d w = 0 and n u w = 0 (with exception for river conﬂu-
ence/divergence points), is an identity matrix. Snail dispersal is as-
sumed to be independent of epidemiological status and origin site,
hence m S,E,I w = m . According to other ﬁeld studies, the mean dis-
tance moved by snails is 50 m/day (hence, over a distance of ≈
2 km between any two water bodies, m = 0 . 025 /day), with a range
of 30–110 m/day ( Schneider and Frost, 1986; Schneider and Lyons,
1993 ). Results presented in Section 4 will consider the correspond-
ing range of snail dispersal rates. 
Larval transport matrix T = [ T wi ] is derived by using the same
approach used for snails. The hydrological transport rates are as-
sumed to be site-independent and equal for both free-swimming
stages of parasites (cercariae and miracidia), hence l C,M w = l. Be-
cause of the limited locomotion of larval stages, transport is as-
sumed to be unidirectional from upstream to downstream, withPlease cite this article as: M. Ciddio et al., The spatial spread of schis
Louis region, Senegal, Advances in Water Resources (2016), http://dx.doesidence time in each water body of ≈ 4.5 day (hence l =
 . 22 /day). Similarly to snail dispersal rates, numerical results will
e also shown considering different larval transport rates. 
For the sake of simplicity, and to avoid introducing further hy-
otheses in our modelling scheme, we assume that the volume of
ater effectively accessible to snails and cercariae/miracidia is rel-
tively homogeneous within the network, i.e. V w = V ∀ w . In fact,
nail hosts of schistosomes usually occur in shallow water near the
hores of lakes, canals and rivers. Note that results are indepen-
ent from the value assumed by V , since water volumes appear in
odel [1] either as fractions V i /V w ( Eqs. (3) and ( 5 )) or together
ith the contamination rate χ ( Eq. (4) ), whose deﬁnition will also
ncorporate the volume effect. 
.7. Model outputs 
As schistosomiasis is endemic in Senegal, model outputs are
valuated by simulating system [1] up to convergence to steady
tate starting from an initial hypothetical condition in which hu-
an communities are set to be equal to the community size in
bsence of the parasite ( N v (0) = H v in all villages), while all water
oints are infested by just one infectious snail ( S w (0) = 1 /γw − 1 ,
 w (0) = 0 , and I w (0) = 1 in all water points). Model [1] gives an
stimate of the total number of adult parasites within each human
ommunity. We can thus deﬁne the mean worm burden ω v in each
illage (i.e. the average number of parasites per human host resi-
ent in v ) as 
 v = P v 
N v 
, (14)
here a superscript bar indicates state variables at equilibrium.
ote that the mean worm burden ω v includes also uninfected peo-
le. The estimation of a similar variable restricted to infected hu-
ans requires further steps and is computed as follows. First, we
eﬁne the total number of human hosts resident in village v and
arrying p parasites as 
 
p 
v = N v N B p v ( k, ω v ) , (15)
here N B p v ( k, ω v ) is estimated according to a negative binomial
istribution with clumping parameter k and mean ω v . As a sec-
nd step, we introduce an infection threshold τ that represents the
inimum parasite burden above which human hosts are consid-
red to be infected. Speciﬁcally, we set τ= 2, corresponding to one
dult pair of parasites. Note that higher parasite loads may be re-
uired for schistosome reproduction to be effective ( Gurarie et al.,
010 ). Therefore, in each village the mean worm burden of infected
uman hosts can be evaluated as the sum of the parasites carried
y humans characterized by parasite burden larger than τ , divided
y the total number of infected people, i.e. 
 
′ 
v = 
∑ P v 
p= τ+1 h 
p 
v p ∑ P v 
p= τ+1 h 
p 
v 
, (16)
here the denominator represents the total number of infected
eople in village v . We note that the mean worm burden is ob-
iously found to be higher if estimated from infected humans only
i.e. ω ′ v > ω v ). From these deﬁnitions, it follows that the prevalence
 v of infected human hosts in each village is given by 
 v = 
∑ P v 
p= τ+1 h 
p 
v 
N v 
. (17)
e ﬁnally note that the mean worm burden and the infection
revalence can be easily upscaled to the overall study area via av-
raging, using village population sizes as weights. We term ω g ( ω ′ g )
nd u g the global mean worm burden and the global prevalence,
espectively. tosomiasis: A multidimensional network model applied to Saint- 
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Fig. 3. The effect of different infection and contamination levels on mean worm 
burden and prevalence within the whole pilot area of Fig. 2 . (A) Simulated mean 
worm burden (averaged over the whole study area) estimated from all humans 
( ω g , black) and from infected humans only ( ω ′ g , grey) as a function of increasing 
values of the exposure rate β (parasites m 3 cercariae −1 person −1 day −1 ). The con- 
tamination rate is set to χ = 6 · 10 −4 miracidia parasites −1 day −1 . (B) Simulated hu- 
man prevalence (averaged over the whole study area) as a function of β . C,D) As 
in A and B, for increasing values of the contamination rate χ (miracidia para- 
sites −1 day −1 ). The infection rate is set to β = 4 · 10 −6 parasites m 3 cercariae −1 per- 
son −1 day −1 . Simulations are obtained for snail dispersal rate m = 0 . 025 day −1 with 
downstream dispersal probability z d = 0 . 5 , and larval transport rate l = 0 . 22 day −1 . 
All other parameters as deﬁned in Section 3 . 
Table 1 
Prevalence distribution statistics. Actual mean and variance are estimated from a 
subset of 24 sampled villages (see details in the text). The outputs of the model 
are obtained by setting β = 4 · 10 −6 parasites m 3 cercariae −1 person −1 day −1 , χ = 
6 · 10 −4 miracidia parasites −1 day −1 , m = 0 . 025 day −1 , z d = 0 . 5 , l = 0 . 22 day −1 . 
Mean( u v ) Var( u v ) 
Data 0 .53 0 .022 
Model 0 .46 0 .033 
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Fig. 4. Prevalence comparisons between data and model simulations. (A) Boxplot of 
the prevalence estimated from data available in 24 villages (dark grey), and com- 
parison with the output of the model in the same subset of villages (light grey). 
(B) Boxplots of the prevalence aggregated for the three habitats H1 (lakes), H2 
(canals), and H3 (river). In each box, the central red mark is the median, the edges 
are the 25th and 75th percentiles, and the whiskers extend to the most extreme 
values. The outputs of the model are obtained by setting parameters as in Fig. 3 . 
(For interpretation of the references to colour in this ﬁgure legend, the reader is 
referred to the web version of this article.) 
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.1. Mean worm burden and prevalence distribution in Saint-Louis 
egion 
The prevalence and the mean worm burden in the pilot area
btained through model simulations is shown in Fig. 3 . As men-
ioned in Section 3 , the synthetic human exposure ( β) and con-
amination ( χ ) rates are very diﬃcult to be quantiﬁed in real ap-
lications. Clearly, increasing values of the two parameters are as-
ociated with increasing value of mean worm burden and human
revalence, because they directly act on the force of infection and
he human contamination level, respectively. 
Prevalence data within the study area are available only in 24
illages (see again Fig. 2 , data available from the Upstream Al-
iance). Here, we refrain from a formal calibration of model [1] :
ather, we explore ranges of β and χ that produce reasonable
pidemiological outputs. Therefore, all numerical results are ob-
ained by using exposure and contamination rates selected for bet-
er describing the qualitative prevalence distribution, in terms of
ean and variance estimated from the subset of 24 sampled vil-
ages ( Table 1 ). An ANOVA 1–way test performed on actual and
imulated prevalences shows that differences in the mean are notPlease cite this article as: M. Ciddio et al., The spatial spread of schis
Louis region, Senegal, Advances in Water Resources (2016), http://dx.doigniﬁcant ( p –value > 0.05). A two-sample Kolmogorov-Smirnov
est also conﬁrms that differences in the distributions of data and
odel results are not signiﬁcant ( p –value > 0.05). Globally (i.e. av-
raging prevalence over the 24 sample villages), the model is able
o qualitatively reproduce the mean prevalence distribution esti-
ated from available data, yet it underestimates extreme values
 Fig. 4 A). 
Averaged results over the three habitats H1 (villages close to
akes), H2 (villages close to canals), and H3 (villages close to main
iver courses), also show that the largest errors are obtained for
illages close to canals (H2), where prevalence is systematically
verestimated ( Fig. 4 B). Note, however, that only 3 villages of the
ampled dataset are located in habitat H2. Another ANOVA 1–way
est conﬁrms that the differences in the mean of actual and simu-
ated prevalences associated with the three habitats, limited to the
4 sampled villages, are not signiﬁcant ( p –value > 0.05). 
.2. Infection intensity 
At the village level, the simulated spatial distribution of schis-
osomiasis prevalence in human hosts shows lower values in vil-
ages close to Lac de Guiers and in the southern part of the Senegal
iver system ( Fig. 5 ). Although this spatial distribution at the vil-
age level cannot be supported by prevalence data (available only
n a small subset of the villages under study), the frequency dis-
ribution of the mean worm burden as simulated by the model
s consistent with ﬁeld evidence available in the literature (see
.g. Gurarie et al., 2010 ). For the analysis, the mean worm bur-
en can be usefully classiﬁed into different inf ection classes, based
n intervals p of average parasite number within each human
ost (say, p = 10 parasites). Its frequency distribution shows a
arked peak ( ≈ 50% of villages) in the lowest infection intensity
lass (class I, 0 ≤ ω v ≤ 10 ) (inset of Fig. 5 ), in accordance with par-
sites distribution usually found in literature (see e.g. Feng et al.,
004 ). 
.3. Hydrological regimes 
In absence of data on the typical hydrological regime of the
tudy area, we investigate the effects of different conditions on
he disease prevalence and the corresponding mean worm burden.
esults show that, for the parameter settings used in model sim-
lations, at low values of larval transport rate l the disease can-
ot persist in the population, whereas, for higher values, both the
revalence and the mean worm burden increase with l ( Fig. 6 A).
esults also show that global infection is less strongly affected by
nail dispersal, whose rate m is responsible for less than 5% of
revalence variation. The mean worm burden is found to increase
ith lower value of downstream dispersal probability z d , i.e. highertosomiasis: A multidimensional network model applied to Saint- 
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Fig. 5. Spatial distribution of prevalence at the village level. In the inset, the frequency distribution of the infection classes. Classes I to VIII include villages with mean worm 
burden ω v up to 80 parasites per person. Simulations are obtained by setting parameters as in Fig. 3 . 
Fig. 6. The effect of different hydrological regimes. (A) Simulated prevalence and mean worm burden (averaged over the whole study area) as a function of increasing values 
of the larval transport rate l . The snail dispersal rate is set to m = 0 . 025 day −1 , with downstream dispersal probability z d = 0 . 5 .( B) Simulated prevalence u g obtained for 
different values of snail dispersal rate m and downstream dispersal probability z d . Black lines represent the contour lines of the mean worm burden ω g . The larval transport 
rate is set to l = 0 . 22 day −1 . All other parameters as in Fig. 3 . 
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( Fig. 6 B). 
5. Discussion 
In this work we have proposed a spatially explicit net-
work model to describe schistosomiasis transmission dynamics
in the endemic region of the Lower Basin of the Senegal River.
Speciﬁcally, the model couples local-scale eco-epidemiological
dynamics with spatial mechanisms related to human mobility,Please cite this article as: M. Ciddio et al., The spatial spread of schis
Louis region, Senegal, Advances in Water Resources (2016), http://dx.doater-mediated snail dispersal and hydrological transport of schis-
osome larvae. Although a formal calibration of the model turned
ut to be impractical because of the high dimensionality of the
roblem and the still limited amount of information available
or the pilot area, model parameters were set to be representa-
ive of the timescales, spatial distribution and intensity of infec-
ion involved in schistosomiasis transmission. It is thus notewor-
hy that model simulations produce epidemiological patterns that
re consistent with ﬁeld observations. Speciﬁcally, the model pre-
icts higher schistosomiasis prevalence in the northern part of thetosomiasis: A multidimensional network model applied to Saint- 
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C  ilot area, especially close to canals and main river courses. As
xpected, the mean worm burden is unevenly distributed among
eople, with most individuals hosting less than 10 parasites within
heir body. 
In our framework, human mobility is assumed to drive poten-
ial water contact patterns which, in turn, determine human expo-
ure to (and contamination of) environmental freshwaters. These
atterns have been estimated by coupling the analysis of a large
ataset of properly anonymized CDRs with hydrological informa-
ion derived from satellite maps and geographic information sys-
ems. We note that actual water contact patterns can clearly be
ifferent from those estimated through big-data analytics, for a va-
iety of reasons. First, local communities can be exposed to en-
ironmental sources of (possibly infested) freshwater other than
hose considered here (rivers, streams and lakes), i.e. small reser-
oirs, man-made irrigation canals and agricultural impoundments;
econd, the reasons why each village relies on a speciﬁc set of
ater points may go beyond sheer distance-based considerations,
ossibly involving local habits and traditions (in particular, prefer-
nce towards contact with river water may explain the overestima-
ion of prevalence in villages close to canals); third, the propensity
nd/or need to get in contact with environmental freshwater may
e different for different socio-economic/age groups and possibly
e subject to spatiotemporal variability (i.e. water-related behavior
ay change in speciﬁc seasons of the year, or be different for peo-
le who travel or who stay at home). All these sources of complex-
ty have not been included in our analysis. However, we maintain
hat the approach explored in this paper can still offer a ﬁrst-order
pproximation that can be useful in large-scale applications, as it
an be made operative in a relatively straightforward way – pro-
ided that suitable data are available. We also note that the frame-
ork is general enough for the potential water contact matrix  to
e able to accommodate actual data, namely if village-based sur-
eys on water contact patterns are available. 
Conversely, snail dispersal and larval transport represent phys-
cal mechanisms by which the pathogen can spread along water-
ays, thus providing an environmental route for the spatial prop-
gation of the disease. Model simulations show that hydrologi-
ally mediated processes may have relevant impacts on the global
revalence and the relative mean worm burden, especially with
espect to larval transport from upstream to downstream water
oints. The model has also shown the role of upstream snail dis-
ersal, which is responsible for higher infection intensity. These
ndings call for a more in-depth description of the snail locomo-
ory behavior and the peculiar hydrologic conditions of the region
nder study ( OMVS, Organisation pour la mise en valeur du ﬂeuve
énégal, 2003 ). In particular, the locomotion of snails may be dif-
erent according to their infection status ( Boissier et al., 2003;
lberto-Silva et al., 2015 ); also, the temporal variability of ﬂood
tages, as determined by seasonal rainfall, may have important im-
lications for water contact patterns, as well for the life cycle of
nail hosts and larval organisms. Even the environmental alter-
tions induced by the construction of the Diama Dam need be ad-
ressed in the context of disease transmission ( Southgate, 1997;
ow et al., 2002 ): on the one hand, in fact, the dam has changed
he Senegal basin’s ﬂood plain from a salty and brackish aquatic
nvironment with marked seasonal changes to a low-ﬂow peren-
ial freshwater system; on the other, it has raised water levels in
he upstream section of the river, thus creating reserves for irriga-
ion ( OMVS, Organisation pour la mise en valeur du ﬂeuve Sénégal,
003 ). Agricultural development, in turn, leads to increasing lev-
ls of chemical and biological pollution related to the discharge of
astewater and pesticides, with nontrivial effects for disease trans-
ission dynamics ( Rohr et al., 2008 ). 
Although the limited amount of information available for the
ilot area makes our analysis still preliminary, the modellingPlease cite this article as: M. Ciddio et al., The spatial spread of schis
Louis region, Senegal, Advances in Water Resources (2016), http://dx.doramework presented in this work is a promising tool for disease
ontrol and might be applied to other areas and water-related dis-
ases. In fact, the current strategy for schistosomiasis control is
ainly based on treatment with praziquantel, which is the only
ecommended drug for the infection caused by the schistosome in-
ecting humans, but does not confer permanent immunity ( Thétiot-
aurent et al., 2013 ). This makes the implementation of a compre-
ensive approach fundamental for ﬁghting the disease. Such an ap-
roach must be based not only on mass chemotherapy, but also
n human development, exposure and contamination prevention
e.g. by improving access to safe water, sanitation and hygiene;
gden et al., 2014 ), awareness about risk factors (via information,
ducation and communication campaigns, see e.g. Rollinson et al.,
013 ) and, possibly, biological control of snail intermediate hosts
 Sokolow et al., 2015 ). In this respect, our model, properly in-
ormed by census, environmental, and malacological surveys, can
elp in identifying the focal hotspots of disease transmission. It
an thus be a useful tool for evaluating the effectiveness of spe-
iﬁc intervention strategies. 
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